D e u te riu m N M R S tu d y o f th e S o lid -S o lid P h a s e T ra n s itio n in P h e n e th y la m m o n iu m B ro m id e Marco L. H. Gruwel1 and Roderick E. Wasylishen Department of Chemistry, Dalhousie University, Halifax N.S., Canada B3H 4J3 Z. Naturforsch. 46a, 691 696 (1991); received March 30, 1991 Using 2H NMR, the dynamics of the cation in phenethylammonium bromide were studied in the two solid phases. Line shape and spin-lattice relaxation rate studies of the ammonium headgroups and the adajacent methylene groups indicate the onset of alkyl-chain motion prior to the first order phase transition. In the low-temperature phase the line shape and the spin-lattice relaxation rates of the -ND3 groups are consistent with C3 jumps and an activation energy of 54±4 kJ mol"1. However, in the high-temperature phase the spin-lattice relaxation studies indicate the presence of small-angle diffusion of the -ND3 groups around the C3 symmetry axis. In this phase the -CD2-groups show line shapes typical of large-amplitude two-site jumps occurring at a rate > 107 s~ l. In the low-temperature phase, at temperatures below 295 K, the -CD2-2H NMR line shapes indicate that the C-D bonds are essentially static.
Introduction
At atmospheric pressure, phenethylammonium bro mide (PENBr), Fig. 1 , is known to exist in two crys talline forms [1] :
Solid II 347 K AS = 2.3\ R Solid I .
Also the crystal structure of solid II is known at room temperature [2] . The compound forms a chain struc ture which has a bilayer type of symmetry. The crystal CH,CH, Nhlt Br structure consists of a sawtooth layer of bromide ions which are hydrogen bonded with the ammonium headgroups in such a way that the phenalkyl residues remain perpendicular to the long axis of the sawtooth layer. Coefficients of thermal motion increase in the order: Br, N, C of the alkyl chain, C of the phenyl ring.
Although differential scanning calorimetry indicated a large entropy change at the first order phase transi tion [1] , it is difficult to deduce microscopic or dy namic information from these measurements. In order to study the dynamics of the cations in the two solid phases, deuterium (2H) NMR line shape and spin-lat tice relaxation studies of powder samples were carried out at various temperatures. Using specifically deu terium labelled analogues, the dynamics of the ammo nium headgroup, -N D 3, and the adjacent methylene group, -C D 2-, were studied and characterized sepa rately.
The 2H NMR relaxation studies of the ammonium headgroup indicate that the dominant relaxation mechanism in solid II consists of C3 jumps while in solid I the major contribution to the spin-lattice relax ation comes from small-angle diffusion of the -N D 3 groups around their C3 axes. Line shape studies of the -C D 2-groups indicate large amplitude two-site jumps for these groups in the solid I phase. Our study also indicated that a considerable amount of motion of the -C D 2-groups is already present in the solid II phase within 10-20 K below the transition tempera ture.
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Theory and Experimental Aspects
Frequency spectra of deuterium are dominated by the quadrupole interaction of the nuclear quadrupole moment with the surrounding electric field gradient (EFG) at the nucleus. This interaction is taken as a first order perturbation to the Zeeman interaction. The NMR frequency is given by [3] (o=co0± | n2 <y2>-(3 cos2 9 -1 -r] sin2 9 cos 20), (1) where co0 ,and / represent the Larmor frequency and quadrupole coupling constant (QCC), respectively. The orientation of the EFG tensor with respect to the static magnetic field is given by the polar angles (9, (/>). The EFG asymmetry parameter, r], can be assumed to be approximately zero for the N -D and C -D bonds studied here [4] , Deuterium NMR powder spectra of samples containing static C -D or N -D bonds typi cally have a maximum total width of ~250 kHz. The effect of anisotropic motion on 2H NMR line shapes and rate of spin-lattice relaxation has been discussed by several other authors [5] [6] [7] , For motions with a threefold or higher symmetry and jump rates larger than the QCC, the 2H NMR line shape is axially symmetric and can be obtained from the static line shape through the addition theorem of spherical har monics [6] [7] [8] . Motions with less than threefold sym metry result in the introduction of spectral asymmetry in the 2H NMR line shape [5, 6] , In all cases where the molecular jump rate is of the order of magnitude of the QCC, the rate of reorientation of the molecule must be introduced explicitly in order to calculate the line shape [5] . In this so-called intermediate exchange region, the experimental spectra strongly depend on the experimental parameters.
The relaxation rate of Zeeman (R1Z) and quadrupolar (R lQ) order is given by
The spectral densities Jm(mco0) are determined by the statistics of the molecular reorientation. For pure C3 jumps explicit expressions for Rlz and RlQ were pre viously calculated [9] . In Table 1 the ratios of R 1Z and R1Q are given for two orientations in the powder pat tern and for two motional regimes. Relaxation studies can be used to discriminate between the different re orientational models which result in identical line shapes. The anisotropy of the spin-lattice relaxation across the powder pattern is very sensitive to the statistics of the reorientation. All 2H NMR experiments were performed on a Bruker MSL 200 at 30.72 MHz, using 4.0-4.5 ps | pulses. The line shapes were acquired with the solid echo pulse sequence: \ \ x -t -f |y -t [10] , with phase cycling. Zeeman splin-lattice relaxation rates were measured with the solid-echo sequence preceded by an inversion, n, pulse. The relaxation of quadrupolar order was measured with a modified Jeener-Broekaert pulse sequence [11] . Details of the deuteration of PENBr can be found elsewhere [9] . Deuterium NMR line shapes were simulated with a modified Fortran program obtained from Griffin and co-workers [12] . The simulations presented here do not include the correction for spectral distortions due to the finite pulse lengths [13] . Figure 2 shows the 2H NMR line shape of the -N D 3 headgroups at 292 K in the solid II phase. The line shape was found to be dependent on echo delay, Table 1 . Ratios of Zeeman and quadrupole spin-lattice relax ation rates for the 6 = 90° and 0 = 0° orientations in the pow der line shape and two motional regimes. Pure C3 jumps are assumed. indicating that the rate of reorientation of the -N D 3 groups is in the intermediate exchange region, i.e., ojq t C3~1. Eventually, with increasing temperature, the 2H line shape becomes independent of the echo delay at T > 320 K, i.e., TCa < 10 ~7 s. In addition to the thermally activated C3 jumps another motion is pres ent. For T > 320 K, a small temperature-dependent reduction of the quadrupolar splitting, which corre sponds to the separation between the two 0 = 90° orientations in the powder pattern, is observed. How ever, relaxation rate studies indicate (vide infra) that at those temperatures PENBr is still in the solid II phase. At temperatures just below the solid II-solid I phase transition, an axially symmetric -N D 3 2H NMR line shape with a quadrupolar splitting of 32 kHz was ob served. This value is somewhat lower than the split ting of approximately 40 kHz expected for a typical N -D bond with a QCC of 165 kHz performing pure C3 jumps and making an angle of 70.5° with the sym metry axis [14] , The -N D 3 2H NMR line shape did not change at the phase transition and still showed an axially symmetric powder pattern with a quadrupolar splitting of 32 kHz at 365 K. Zeeman and quadrupolar relaxation studies were used to clarify this peculiar behaviour of th e-N D 3 2H NMR line shape at the phase transition. In Fig. 3 Zeeman and quadrupolar relaxation times (T1 = RX1) are shown as functions of reciprocal temperature for the 0 = 0° and 0 = 90° orientations in the powder pat tern. It should be noted that the 0 = 90° orientation is actually an overlap of the 0 = 90° and 0 = 35.5° orien tation of the two transitions within the 7 = 1 spin sys tem. From Fig. 3 it is clear that at 292 K the -N D 3 reorientation is out of the extreme narrowing limit, Table 2 . Observed ratios of Zeeman and quadrupole spinlattice relaxation rates for the 0 = 90° and 0 = 0° powder orientations of the -ND3 groups in the Solid II phase of PENBr. i.e., co0 t C3>1. The temperature dependence of the Zeeman and quadrupolar relaxation times indicates that C3 jumps are the dominant relaxation mecha nism. In Table 2 the ratios of the Zeeman and quadru pole relaxation rates are given for the two powder orientations. The values in Table 2 compare very well with the theoretical values in Table 1 . A dramatic change in the Zeeman spin-lattice relaxation time of the -N D 3 groups was observed in the temperature region of 335-340 K. Just before the relaxation time minimum can be observed, the solid II-solid I phase transition occurs. The Zeeman relaxation time in creases by approximately three orders of magnitude from ~ 1.8 ms in solid II to ~ 1800 ms in solid I. It was also observed that the anisotropy in the relaxation of Zeeman order disappeared in the high-temperature phase. In solid I both the 0 = 90° and 0 = 0° orienta tions of the powder line shape relaxed at the same rate.
Results and Discussion
This cannot be explained with a C3 jump model which predicts anisotropy, even for very fast jumps. How ever, small angle diffusion of the -N D 3 groups around their C3 axis results in a vanishing Tl anisotropy while the 2H NMR line shape is identical to that for C3 jumps [15] , It can thus be concluded that in solid I the -N D 3 groups of PENBr undergo small-angle diffu sion. From Fig. 3 an activation energy of 57 + 4 kJm ol-1 can be determined for the C3 jumps in solid II from the Zeeman and quadrupolar relaxation times. The difference of approximately 5 K in the transi tion temperature as obtained from differential scan ning calorimetry and 2H NMR studies is not well understood. However, PENBr was reported to exhibit an odd phase transition behaviour [1] , In order to avoid problems with hysteresis [1] , all relaxation rates and line shapes were recorded as a function of increas ing temperature. After heating to solid I temperatures the sample was first cooled for 30 minutes in liquid nitrogen before experiments in the solid II phase were repeated. All the 2H NMR line shapes of the methy lene groups were acquired with a 60 s recycle delay. This procedure resulted in reproducible results.
Deuterium NMR line shapes of the -C D 2-groups are shown in Figure 4 . At F > 320 K the 2H line shape of the methylene groups is axially symmetric and has a quadrupolar splitting of ~ 112 kHz. This is some what lower than the typical value of 120 kHz obtained for static C -D bonds [16, 17] , For F>320 K asym metric 2H NMR powder patterns were observed. The spectral asymmetry increases with increasing temper ature. Since the line shapes were found to be indepen dent of the solid echo delay, this reorientation must be in the fast motion limit, i.e., occurring with a rate greater than 107 s-1. One component of the EFG tensor does not change with temperature. This indi cates that the reorientation process is likely to be a two-site exchange process with equal populations. The effect of the two-site exchange on the EFG com ponents is given by [14, 16, 17] V>x = V., sin2 a + Vxx cos2 a, V3 = V , yy yy ' V }_2 = Vzz cos2 a + Vxx sin2 a .
The angle between the two equally populated sites is 2 a, and the superscript J refers to the jump-averaged frame. With increasing temperature the spectral asym metry increases since the jump angle increases. At T = 320 K a large asymmetry was observed (see Fig. 4 ) indicating the occurrence of a large amplitude two-site exchange process. Details of the spectral simulations are given in the legend of Figure 4 . Fhe 2H NMR line shape of the -C D 2-groups is temperature indepen dent in the solid I phase and has a spectral asymmetry of r] = 1. The simulations in Fig. 4 were performed with an effective QCC of 139 kHz. This value is approxi mately 20% smaller than the value expected for a rigid methylene group. The reduced QCC of 139 kHz results from motion (wobbles) of the ethylammonium chain. This motion is also responsible for the reduced splittings observed for the -N D 3 group (32 kHz vs. 40 kHz). Since the -N D 3 2H NMR line shape does not exhibit any spectral asymmetry, the reorientation of the C -D bonds must be such that these bonds move in a plane perpendicular to the C -N bond. For the convenience of the interpretation of the methylene 2H NMR results we will label the cation atoms in the following way: (^-C^C^N i (see Fig  ure 1 b) . The phenyl-ring cj>, is bonded to the ethylammonium fragment through C2-C 3 where C3 de- notes the ipso carbon of the phenyl-ring. X-ray crystallography data [2] of the Solid II phase indicate that the C t atom is not exactly perpendicular to the phenyl-ring plane (torsional angle ~ 105°) placing one of the C2-H bonds almost parallel to the phenyl-ring plane. Rotational jumps of 120° about the C2-C 3 bond axis move the Cx atom to the opposite side of the phenyl-ring. Consider such a ~ jump in which the C^N j bond axis remains essentially parallel with the C2-C 3 bond axis. Under these conditions the 2H EFG of the ND3 group is not altered since the effec tive electric field gradient of the -N D 3 group is ap proximately parallel to the axis of rotation (see previ ous section). More interesting is the question of what happens to the 2H EFG of the C x methylene deuterium nuclei. Inspection of molecular models together with the line shape simulations indicates that the Cj bonded deuterium nuclei undergo two-site tetrahedral jumps over an angle of 180°-70° ~ 109°. Due to the symme try of the quadrupolar Hamiltonian, jump angles of 2a and 180°-2a are equivalent. Thus, one can con clude that above the Solid II Solid I structural phase transition, rotational jumps of 120° about the C2-C 3 bond axis may be responsible for the 2H NMR line shapes observed for the Cx methylene group (Fig  ure 4) . This model is consistent with the 2H NMR results for both the -Q D^ group and the -N jD 3 group. We can not envision any other model con sistent with the observations described here; however, we do not claim that the above model is unique [18] . In the Solid II phase of phenethylammonium bro mide, we postulate that the motion of the C x carbon is restricted to large amplitude librational motions on one side of the phenyl-ring only.
Conclusions
Deuterium NMR line shape and spin-lattice relax ation studies of phenethylammonium bromide indi cate the occurrence of alkyl-chain reorientation prior to the solid-solid phase transition. This motion con sists of jumps between two equally populated sites and was also found to be present in the solid I phase. However, in the solid I phase the jumps occur with a larger jump angle. Since the -N D 3 2H NMR line shapes do not show any large change, it must be con cluded that the motion of the methylene groups must occur in a plane perpendicular to the C -N axis. The motion could arise from rotational jumps around the C2-C 3 axis.
The dynamics of the -N D 3 groups indicate a drastic change in the hydrogen bonding network upon the (first order) phase transition. In the solid I phase small-angle rotation of the -N D 3 groups around the C i-N i axis occurs while in Solid II these groups per form discrete jumps between three sites. At the phase transition the 2H NMR line shape of the -N D 3 groups does not change but the spin-lattice relaxation time changed by three orders of magnitude. The relax ation anisotropy present in Solid II vanished in the Solid I phase due to the onset of a diffusive motion. From the observed 2H NMR line shapes of the -C 1D2-groups, the C^-Ni axis is considered to per form a large-amplitude motion around the C2-C 3 axis of the molecule. Since the C^N j. axis and the C2-C 3 axis are approximately parallel, a rotation around the C2-C 3 axis will not affect the -N D 3 deuterium line shape. Due to the tetrahedral two-site exchange ob served at the -C 1D2-group in solid I, the rotational barrier for the -N D 3 three-site exchange in this phase must be low enough to allow small-angle diffusion.
In addition to the large-amplitude motions dis cussed above, an additional small-angle, symmetric, motion must occur at T > 320 K in order to explain the small reduction in the observed quadrupolar split ting of the -N D 3 line shape and the small reduction in the methylene QCC.
